One mechanism that may allow older adults to continue to successfully perform certain cognitive tasks is to allocate more resources than their younger counterparts. Most prior studies have not included individuals beyond their 70s. Here, we investigated whether compensatory increases in neural activity previously observed in cognitively high performing young-old adults would continue into old-old age. Event-related potentials were recorded from 72 cognitively high performing subjects, aged 18 to 96 years old, while they participated in a subject-controlled novelty oddball paradigm in which they determined viewing duration of standard, target, and novel visual stimuli. Compared to young and middle-aged subjects, both young-old and old-old subjects exhibited an impairment of preliminary mismatch/match detection operations, indexed by an attenuated anterior N2 component. This may have placed a greater burden on the subsequent controlled decision-making process, indexed by the P3, necessitating the allocation of more resources. The relationship between age and resource allocation, as measured by P3 amplitude, from midlife to very old age (45-96 years old) followed an inverted u-shaped curve (quadratic function). It peaked between the late 60s and early 70s. Thereafter, there was an inverse relationship between age and resource appropriation. This relationship remained significant after controlling for differences in task performance and MMSE. Examining the size of the P3 component across different age groups suggests that although cognitively high performing adults in their early 80s exhibit a reduction in P3 amplitude, they have a relatively well-preserved capacity to appropriate resources. However, by the late 80s, there is a robust decline (relative to young-old adults) in the size of the P3. Our results indicate that when carrying out controlled processing linked to directing attention to salient events, cognitively high performers reach the boundary of their capacity, albeit relatively late in life. This limits their ability to appropriate additional resources as compensatory activity for age-related impairments in earlier visual processing, and suggests that such a mechanism does not tend to "survive" old-old age.
Introduction
Understanding factors that contribute to successful cognitive aging has become increasingly important as a growing portion of the population is living to very old age (Alzheimer's Association, 2007; Daffner, 2010) . Our research has focused on neural mechanisms that may contribute to different patterns of cognitive aging. In a series of experiments, we have examined electrophysiologic and behavioral responses while cognitively normal adults of different ages participated in a variant of the novelty oddball task in which participants control how long they look at various kinds of visual stimuli (Daffner et al., 2006a; Daffner et al., 2006b; Daffner et al., 2007; Riis et al., 2008) . Our emphasis has been on novelty processing because of the notion that increased responsiveness to novelty may not only reflect but also help promote successful cognitive aging (Wilson et al., 2002; Daffner et al., 2006a) . In these studies, viewing duration has served as an index of visual attention and exploratory behavior (Berlyne, 1960; Daffner et al., 2000a) and the amplitude of the P3 component has served as an index of the amount of resources allocated to attentional processing (Isreal et al., 1980; Wickens et al., 1983; Sirevaag et al., 1989; Daffner et al., 2000a; Daffner et al., 2003) .
Previous investigations using the subject-controlled variant of the novelty oddball task in healthy adults and patients with neurological diseases have yielded valuable information about the relationship between neural activity, as measured by event-related potentials (ERPs), and attentional processing of salient events. For example, across healthy young adults, the amplitude of the novelty P3 response strongly predicted the duration of viewing directed toward novel relative to standard stimuli (Daffner et al., 1998) . Within subjects, the novel stimuli that elicited the largest P3 responses were associated with the longest viewing durations (Daffner et al., 1998; Daffner et al., 2000b) . Patients with damage to the prefrontal cortex exhibited a marked reduction of both the amplitude of the novelty P3 and the viewing duration of novel stimuli (Daffner et al., 2000a) . Across frontal patients and normal controls, the amplitude of the novelty P3 explained a large portion of the variance associated with viewing durations of novel relative to standard stimuli. Damage to the posterior parietal cortex was associated with a substantial reduction of the P3 to both targets and novels (Daffner et al., 2003) . However, parietal injury led to a smaller degree of disruption of the processing of novel events, which was circumscribed to the ipsilesional posterior quadrant. Based on this work with patients who had focal brain lesions, we have suggested that the prefrontal cortex may serve as a central node mediating the allocation of attentional resources to novel events, whereas the posterior parietal cortex may provide the neural substrate for updating internal models about the environment to take into account the novel event. Patients with Alzheimer's disease (AD), including those with mild severity, also generated a very attenuated novelty P3 component and distributed their viewing time evenly between novel and repetitive standard stimuli (Daffner et al., 2001) . Across AD subjects, the novelty P3 amplitude accounted for more than half of the variance in viewing duration of novels relative to standards. In both AD patients and frontal patients, the novelty P3 amplitude as well as the viewing duration of novel stimuli inversely correlated with the degree of a patient's apathy, as measured by caregiver questionnaires.
Our work to date on normal aging has compared cognitively high and cognitively average performers across a large portion of the adult lifespan that has included young (mean age 21.7 years old), middle-aged (mean age 47.8 years old), and what we would now term "youngold" (y-old) (mean age 71.6 years old) adults. Here, we extend our research to include old-old (o-old) adults (80 years and older) who are cognitively high performers. To place the current investigation in context, below we summarize some of the principal results of our earlier studies on aging. We have found that cognitively high performing y-old subjects appropriate more attentional resources, as indexed by the novelty P3 amplitude, than cognitively high performing middle-age and young subjects, and than cognitively average performing y-old subjects. These electrophysiological results occurred in the context of behavioral findings in which cognitively high performing y-old subjects were as engaged by novelty, as indexed by viewing duration, as their cognitively high performing younger counterparts, and more engaged by novelty than cognitively average performing y-old adults. The results provide a strong rationale for suggesting that the increased allocation of resources to novel stimuli observed among cognitively high performing y-old adults does not simply represent less efficient processing, but a successful compensatory mechanism, presumably in response to other age-related changes in neurophysiologic function.
Our findings are in keeping with a recent ERP study by De Sanctis and colleagues (2009) , who reported that compared to young subjects and low performing old subjects, high performing old subjects carried out task-switching operations by marked amplification of prefrontal positive electrophysiologic activity, which the authors interpreted as compensatory large-scale recruitment of prefrontal cortical mechanisms. Our findings are also consistent with those results from the functional imaging literature that have shown that old subjects who perform as well as young subjects on source or episodic memory tasks recruit more brain activity than young subjects, and than old subjects who perform worse (Reuter-Lorenz et al., 2000; Cabeza et al., 2002; Rosen et al., 2002; Davis et al., 2008) . Thus, one of the mechanisms employed by cognitively high performing older adults to successfully carry out certain mental functions, such as novelty processing, may be the allocation of more resources than their younger counterparts.
Our data also have suggested that over the lifespan, cognitively high performing adults exhibit a very different pattern of age-related changes in novelty P3 amplitude than cognitively average performing adults. In contrast to cognitively high performers, for whom there were no differences in novelty P3 amplitude between young and middle-aged subjects, among cognitively average performers, middle-aged subjects appropriated significantly more resources, as indexed by the P3, than young subjects. Whereas among cognitively high performers there was an augmentation in the size of the P3 between middle-age and y-old age, among cognitively average performers, the size of the P3 decreased substantially from middleage to y-old age. The hypothesis we currently favor to account for these different patterns of resource appropriation to novel stimuli across the adult lifespan is that cognitively average performing adults may experience age-associated changes in neurophysiologic function years earlier than cognitively high performing adults. At midlife, cognitively average performers still have the capacity to compensate for such a decline by allocating more processing resources (as measured by a larger P3). However, when they reach y-old age and have less capacity, this mechanism may no longer be viable, which is indexed by a decline in P3 amplitude. By contrast, cognitively high performing adults do not need to rely upon such compensatory activity until they reach y-old age, at which time their novelty P3 amplitude becomes larger. We hypothesized that by the time cognitively high performing adults reach o-old age, they may arrive at the limits of their capacity and thus be less able to recruit compensatory activity. 1 Almost all of the studies that have addressed the notion of successful aging as being associated with a compensatory augmentation of neural activity have limited their investigation to "older" 1 Following a long tradition in experimental psychology and consistent with the formulations of many researchers investigating agerelated cognitive changes, we have adopted the term "capacity" to suggest that brains have limited processing resources to carry out a range of mental operations or cognitive tasks. Limited-capacity processing includes updating working memory, directing and sustaining attention to salient or task relevant stimuli, and executing attentional control over task operations. Limitations of processing resources often have been inferred by behavioral measures such as changes in RT or accuracy as a function of task demand (Salthouse, 1988) . Processing resources and neural activity can be more directly assessed via measures of cerebral blood flow or metabolic activity, or, as was done in the current study, by measuring ERPs such as P3 amplitude (Daffner et al., 2010) . Compensatory neural activity reflects the utilization of processing resources to counter other age-related declines in neurophysiologic functioning (e.g., that may occur at earlier information processing stages). Closely linked to information processing capacity and compensatory activity is the concept of "cognitive reserve" (Stern, 2009) , which includes the ability to utilize alternative cognitive strategies or neural networks in response to cerebral decline or injury.
adults who are only in their 60s and 70s. Thus, very little is known about the fate of this proposed compensatory mechanism in individuals who are in the 9 th decade and beyond. We have suggested that age-related compensatory activity observed in the subject-controlled oddball paradigm is particularly dependent on the pool of capacity-limited, controlled processing resources. If so, what should we expect to observe in o-old adults? There is growing evidence that o-old individuals have fewer processing resources than y-old adults (Lindenberger & Baltes, 1997; Singer et al., 2003a; Kemps & Newson, 2006) . For example, Kemps and Newson (2006) showed that individuals over 84 years old did significantly worse than those 65 to 84, who, in turn, did significantly worse than young adults 18 to 25 years old on tests of working memory, processing speed, and executive function. Using a mental synthesis paradigm and neuropsychological tests, Newson and colleagues (2003) concluded that the age-related decrements in working memory capacity and executive functioning accelerated after age 85. The Berlin Aging Study (Singer et al., 2003b ) also suggested a faster rate of cognitive decline in o-old subjects (mean age 83.0 years) than y-old subjects (mean age 73.8 years), especially on measures of fluid intelligence (e.g., speed of processing, verbal fluency). Rates of cognitive decline were similar for individuals with high and low intellectual reserve (e.g., education) (Lindenberger et al., 1997) . Based on findings like these, we predicted that the processing capacity of cognitively high performing o-old subjects might be reduced enough that they would no longer have sufficiently available resources to increase neural activity in response to novel events as a compensatory mechanism. In other words, compared to y-old adults, they would exhibit a marked reduction in their ability to compensate. This would be reflected in a P3 response of cognitively high performing o-old adults that was smaller than that of cognitively high performing y-old adults, and no larger than that of cognitively high performing middle-aged and young adults.
The current paper has adopted the P3 terminology proposed by Friedman and colleagues (2001) . The novelty P3 (or P3 to novels) was defined as the P3 response elicited by infrequent events about which the subject received no instruction before the experiment (Friedman et al., 2001) . The target P3 (or P3 to targets) was defined as the P3 response evoked by designated events about which the subject had been instructed prior to the experiment and to which the subject was required to generate a specific response (Friedman et al., 2001) . Although not emphasized in this study, 2 the P3 often has been further divided in terms of the P3a, an anteriorly-distributed P3 component, and the P3b, a posteriorly-distributed P3 component. Novel, non-target deviant, and target events elicit both a P3a and a P3b component, although they tend to do so to varying degrees (Gaeta et al., 2003; Cycowicz & Friedman, 2004; Dien et al., 2004) , with the P3 to novel stimuli receiving a much greater contribution from the P3a component, and the P3 to target stimuli receiving a much greater contribution from the P3b component. In keeping with this observation, in the current investigation, the P3 response to novel stimuli at Fz served as an index of the P3a, and the P3 response to target stimuli at Pz served as an index of the P3b (Fjell & Walhovd, 2003) .
A particularly advantageous feature of ERPs is their excellent temporal resolution that allows measurement of different information processing operations occurring at the subsecond level.
2 There are several reasons why we have elected not to emphasize the labeling of the P3 response in terms of P3a and P3b components. First, one of the most commonly observed age-related changes in the P3 response to novel and target stimuli is an anterior shift in scalp distribution (Friedman et al., 1993; Fabiani & Friedman, 1995) . There are several hypotheses regarding the source of this age-related change. We favor the view that this age-associated change reflects increased recruitment of anterior processors to carry out the task. Alternative explanations for the age-related anterior shift in P3 include a failure of older subjects to habituate an orienting response (indexed by the anterior P3a) to repeated presentations of novel or target events, or a reduced ability of older subjects to maintain a mental template of the target which, when presented, is more surprising or unexpected and thus also elicits an anteriorly-distributed P3a response. The current study was not designed to address the mechanisms that underlie the age-related shift in P3 scalp distribution. Second, we employed a subject-controlled novelty oddball task. We have shown in young adult subjects that decisions about how long to explore novel stimuli appear to elicit a larger P3b component than do novel stimuli in the traditional oddball paradigm, where they are understood to be task-irrelevant .
If, as expected, cognitively high performing o-old individuals demonstrate a reduction in P3 amplitude relative to y-old individuals, to what extent is this effect limited to operations indexed by the P3 component? In previous work , we found that cognitively high performers did not differ from cognitively average performers in terms of ERP correlates of early sensory-perceptual encoding (P1, N1) (Luck, 2005) , salience detection (anterior P2) (Riis et al., 2009 ), or early mismatch-match processing (anterior N2) (Folstein & Van Petten, 2008; Tarbi et al., in press ). Rather, cognitively high and average performers differed in the modulation of controlled processing linked to directing attention to salient stimuli and updating internal models about a changing environment, as indexed by the P3 component. We hypothesized that the most prominent differences between o-old and y-old subjects also would be observed for the controlled processing, indexed by the P3 component. An alternative prediction is that among o-old subjects, age-related decline in ERP components would be nonspecific. Support for this prediction can be derived from several sources. For example, the common cause hypothesis of aging posits that old age is associated with a similar degree of deterioration across all levels of neurophysiological functioning (Lindenberger & Baltes, 1994; Lindenberger et al., 1997) and thus one would not expect it to be limited to those indexed by the P3 component. Another hypothesis that might lead to the expectation of a decline in amplitude across a large number of ERP components involves limitations of the ability to measure cerebral activity generated by very old brains. Age-related global changes in brain structure in o-old age, such as increased atrophy or CSF space, may markedly reduce the ability to adequately measure the signal derived from cerebral activity, resulting in the apparent diminution of the amplitude of many different ERP components. To investigate whether ERP components other than the P3 would exhibit a similar pattern of age-associated reduction in amplitude, we included measurements of the P1, N1, P2, and N2 components. Finally, since we anticipated a reduction in the compensatory allocation of resources among cognitively high performing o-old adults, we were interested in determining when the most substantial agerelated changes begin to occur. This issue was examined by further dividing the o-old group into subjects 80-86 years old and those 87 and older, and by modeling the relationship between age and P3 amplitude, using linear and non-linear regression analyses.
Materials and Methods

Participants
After completing informed consent, participants underwent an evaluation that included a medical, neurological, and psychiatric history, a formal neurological examination, neuropsychological testing, and completion of questionnaires surveying mood and socioeconomic status. Participants had to be in one of four age groups (18-28 years old (young subjects), 45-55 years old (middle-age subjects), 65-79 years old (y-old subjects), 80 and older (o-old subjects)). In subsequent analyses, the o-old group was further divided into subjects 80-86 year olds and those 87 and older. Although this age division was somewhat arbitrary, it ensured at least 10 subjects in the very oldest age group. To be included in the study, participants also had to be English-speaking, have ≥ 12 years of education, a Mini Mental State Exam (MMSE) (Folstein et al., 1975) score ≥ 26, and an estimated IQ on the American Modification of the National Adult Reading Test (AMNART) (Ryan & Paolo, 1992 ) ≥ 100. Subjects were excluded if they had a history of CNS diseases or major psychiatric disorders based on DSM-IV criteria (American Psychiatric Association, 1994), a history of clinically significant medical diseases, corrected visual acuity worse than 20-40, a history of clinically significant audiological disease, a Geriatric Depression Scale (Yesavage et al., 1981) score of ≥ 10 for the y-old or o-old subjects, or a Beck Depression Inventory (Beck & Steer, 1987) score of ≥ 10 for middle-age or young subjects, or focal abnormalities on neurological examination consistent with a lesion in the CNS.
Subjects completed the AMNART and the Raven's Progressive Matrices Test to determine estimated IQ scores, and the MMSE to obtain a gross measure of current mental state. IQ estimates from the Raven's are based on the age of a subject. Young and middle-aged subjects were tested using the Raven's Standard Progressive Matrices (RSPM) (Raven et al., 1995) . Because available norms on the RSPM do not go beyond age 65, older subjects were tested using the Raven's Colored Progressive Matrices (RCPM) (Raven et al., 1983) which has published norms up to 85 years old. Of note, direct comparisons of the raw scores of the RSPM and RCPM cannot be made because the RCPM was designed as a shorter, easier test (Lezak, 1995) .
For subjects 80 years and older, an informant who knew the participant answered questions for the Clinical Dementia Rating (CDR) (Morris, 1993) , which provided detailed information about current functional status. All subjects also completed the following six neuropsychological tests: 1) Digit Span subtest of the Wechsler Adult Intelligence Scale-III (WAIS-III) (Wechsler, 1997a) ; 2) Controlled Oral Word Association Test (COWAT) (Ivnik et al., 1996) ; 3) Logical Memory II subtest of the Wechsler Memory Scale-III (WMS-III) (Wechsler, 1997b) ; 4) Visual Retention Test (Youngjohn et al., 1993) ; 5) Boston Naming Test (Tombaugh & Hubley, 1997) ; 6) Category (animal) fluency (Spreen & Strauss, 1998) . Norms are available for each of these tests across a range of ages, allowing us to compute a percentile score for all subjects on each test. A composite score was determined for each subject by averaging performance (percentile scores) on all six neuropsychological tests. Since performance on our experimental task was particularly dependent upon attention/executive functions, the average percentile score on Digit Span and COWAT was also computed for each subject. For all age groups, except the 87+ group, cognitive status was operationally defined based on performance on the six neuropsychological tests. To meet criteria for a cognitively high performer, subjects had to have a composite percentile score in the top 3 rd (≥ 67 th percentile). Because there are very limited normative data for adults in their late 80s and 90s, we did not use percentile performance on neuropsychological tests as criteria for defining cognitively high performer in the 87+ age group. It has been estimated that only approximately one third of individuals in this age range are free of mild cognitive impairment or dementia (Unverzagt et al., 2007; Corrada et al., 2008) . Thus, participants over the age of 87 were considered to be cognitively high performers if they did not meet criteria for either mild cognitive impairment (Petersen et al., 1999) or clinical dementia based on DSM-IV guidelines (American Psychiatric Association, 1994). Of note, the 87+ subjects were relatively wellmatched to the other age groups in terms of high estimated IQ and education. Percentile performance was calculated for these subjects by using norms for the oldest available group.
Experimental procedures
The experimental procedures used were analogous to the ones described in prior reports (Daffner et al., 2000a; Riis et al., 2008) . Two hundred and fifty line drawings, white on black background, were presented in 5 blocks of 50, each at the center of a high-resolution computer monitor. All stimuli subtended a visual angle of approximately 2.75° along their longest dimension. There were three categories of visual stimuli: 1) a repetitive Standard Stimulus (a triangle) − 70% frequency, 2) a Target Stimulus (upside down triangle) -approximately 15% frequency, and 3) Novel Stimuli, randomly drawn from a set of unusual/unfamiliar line drawings (e.g., impossible or fragmented objects) shown only one time each -approximately 15% frequency ( Supplementary Fig. S1 ). Stimuli appeared within a fixation box subtending a visual angle of approximately 3.5° × 3.5° that remained on the screen at all times.
Participants were informed that the experiment involved the study of brain wave activity as they looked at different kinds of drawings. We emphasized that they could view each picture for however long or short they liked. They controlled the viewing duration by pressing a button that led to the erasure of the current stimulus and the onset of a blank screen that lasted between 800 and 1760 ms (mean ~1300 ms), followed by the presentation of the next stimulus. Also, participants were told to respond to the designated target stimulus by pressing a foot pedal (ipsilateral to the button press). Instructions indicated that accuracy was more important than speed. Left and right button press/foot pedal was counterbalanced for all subject groups. Although viewing durations were calculated by subtracting the stimulus onset time from the button press time, all stimuli were displayed for a minimum duration of 600 ms. Subjects also participated in two other conditions not reported here. The order of the conditions was counterbalanced for all subject groups.
2.2.1 ERP recordings-An electrode cap (Electro-Cap International, Eaton, OH, USA) was used to hold to the scalp 35 active tin electrodes whose locations were based on the International 10-20 system. Electrodes were arranged in 5 columns (midline, 2 inner lateral, 2 outer lateral), each with 7 antero-posterior sites ( Supplementary Fig. S2 ). All sites were referenced to the left mastoid, and the impedance between each recording site and the reference was reduced to less than 5K ohms. An electrode was placed beneath the left eye (whose electrical activity was compared to an electrode placed above the left eye) to check for eye blinks and vertical eye movements. Another electrode was placed to the right of the subject's right eye (referenced to an electrode to the left of the left eye) to check for lateral eye movements. A final electrode was placed over the right mastoid (referenced to the left one) to monitor asymmetrical mastoid activity. (None was identified.) The EEG was amplified by an SA Instrumentation (San Diego, CA, USA) system (model H & W 32BA), using a band filter with negative 3dB cutoffs of 0.01 and 40 Hz, and continuously digitized (200 Hz) by a computer yielding 1280 ms of data from each electrode site, beginning 100 ms before stimulus onset.
Data analysis-
A continuous record of the raw EEG was stored on hard disk. Offline, EEG epochs for each of the stimulus types were averaged separately. Trials with eye movements or amplifier blocking were excluded from data analysis. For all subjects, a blink correction program, using principal component analysis, was employed that computed the impact of the blink on the waveform in each channel (Dale, 1994) . The overall P3 in response to each stimulus type was defined as the mean amplitude between 350 and 550 ms. (We also measured the local peak positive amplitude between 350 and 850 ms after stimulus onset, which yielded very similar results, not reported here).
In addition, we examined other components in response to novel, target, and standard stimuli, defined as follows: P1 and posterior N1 were examined over occipital and occipital-parietal sites, which the literature suggests is where the largest effects are found (Luck, 2005; De Sanctis et al., 2007) . The P1 component of a subject in response to each visual stimulus type was defined as the mean amplitude of the 20 ms interval centered at the mean local positive peak latency at O1/2 and PO7/8 between 70 and 130 ms after stimulus onset that was calculated for his/her subject group. The N1 component of a subject in response to each visual stimulus type was defined as the mean amplitude of the 20 ms interval centered at the mean local negative peak latency at O1/2 and PO7/8 between 120 and 220 ms after stimulus onset that was calculated for his/her subject group. The P2 component was examined over midline sites. We were particularly interested in the anterior P2, which appears to be an index of stimulus salience (Riis et al., 2009 ). The P2 component of a subject in response to each visual stimulus type was defined as the mean amplitude of the 40 ms interval centered at the mean local positive peak latency at midline sites between 150 and 250 ms after stimulus onset that was calculated for his/her subject group. The N2 component also was examined over midline sites, as we were especially interested in the size of the anterior N2 component, which has been linked to early mismatch/match detection operations, and indexes when a stimulus presented differs from representations being held in memory (Folstein et al., 2008; Tarbi et al., in press ). The N2 component of a subject in response to each visual stimulus type was defined as the mean amplitude of the 40 ms interval centered at the mean local negative peak latency at midline sites between 200 and 350 ms after stimulus onset that was calculated for his/her subject group. All components were measured with respect to the average of the 100 ms prestimulus baseline.
In general, ERP data for each stimulus type were analyzed using analysis of variance (ANOVA), with age group as the between-subjects variables and the 7 midline electrode sites (FPz, Fz, FCz, Cz, CPz, Pz, Oz) as the within-subjects variables. Analyses of scalp distribution focused on determining whether there were antero-posterior differences across subject groups. For the P1 and N1 components, within subject variables included 2 electrode sites (O1/2 and PO 7/8) and 2 hemisphere sites (right and left). In examining scalp site interactions with other variables, raw, not normalized, data were analyzed (Urbach & Kutas, 2002) . Analyses that yielded significant interactions between subject group, stimulus type, or electrode site resulted in planned contrasts between the levels of the variable. The Geisser-Greenhouse correction was applied for all repeated measures with greater than 1 degree of freedom. Regression analyses were used to determine the association between age and P3 amplitude.
Results
Participants
Seventy-nine individuals participated in the study. Data from 4 y-old and 3 o-old subjects were excluded because of excessive EEG artifact or equipment malfunction resulting in <25 artifactfree trials of any stimulus category. The characteristics of each group are summarized in Table  1 , including the number of subjects, demographic information, the results on more global cognitive measures (e.g., estimated IQ, MMSE), composite percentile scores on the neuropsychological tests, and the pertinent statistical analyses. Middle-aged subjects had more years of education than o-old and than young subjects, many of whom were still in school (Table 1 ). The groups differed in estimated IQ, based on performance on the AMNART and Ravens. On the AMNART, middle-aged subjects had higher scores than o-old, who, in turn, had higher scores than young subjects. On the Ravens, both o-old and middle-aged subjects had higher estimated IQ scores than either y-old or young subjects. On the MMSE, middleaged subjects scored higher than o-old subjects. There were no differences across age groups in terms of average percentile performance on the six neuropsychological tests, or average percentile performance on the two tests emphasizing attention/executive function. The o-old group had a significantly higher proportion of subjects with one or more cerebrovascular risk factors, such as hypertension, high cholesterol, heart disease, or diabetes, than any of the other groups (see Table 1 ).
Behavior
3.2.1 Viewing Duration-The behavioral data for each subject group are presented in Table  2 . An ANOVA examining mean viewing duration of novel vs. standard stimuli revealed an effect of stimulus type (F(1,68) = 29.16, p < 0.0001) and an interaction between group and stimulus type (F(3,68) = 3.16, p < 0.05). All groups visually explored novel stimuli more than repetitive standard stimuli. The interaction between age and stimulus type was present because the magnitude of the difference between novel and standard stimuli was larger for y-old than o-old subjects (F(1,38) = 6.10, p < 0.05). An ANOVA examining mean viewing duration of novel stimuli vs. target stimuli revealed an interaction between group and stimulus type (F (3,68) = 3.92, p < 0.05). This interaction was due to o-old subjects spending less time looking at novel than target stimuli, whereas all the other groups spent more time looking at novel than target stimuli.
Target Responses-
The groups did not differ in overall target hit accuracy (Table  2 ). However, there was an effect of group for mean reaction time (RT) (F(3,67) = 6.31, p < 0.001). The o-old group had slower RTs than any other group; middle-aged subjects had slower RTs than young subjects. These results remained significant after controlling for subjects viewing duration of target stimuli.
Event-related Potentials
Grand average ERPs at selected midline sites for novel, target, and standard stimuli for all subject groups are illustrated in Fig. 1. (See Supplementary Fig. S3 , which presents the grand average ERPs at all 35 scalp electrode sites.) In the sections that follow, we will limit our discussion to the findings most relevant to the objectives of this study.
3.3.1 Overall P3 amplitude and scalp distribution 3.3.1.a Novel stimuli: An age (o-old, y-old, middle-age, young) by site (FPz, Fz, FCz, Cz, CPz, Pz, Oz) ANOVA revealed an effect of age (F(3,68) = 7.76, p < 0.001) and an interaction between age and site (F(18,408) = 4.89, p < 0.0001). Y-old subjects generated a larger P3 response to novel stimuli than any other group. Of particular interest to the objectives of the current study, o-old subjects generated a smaller novelty P3 than y-old subjects (p < 0.01). The interaction between age and site was present because o-old subjects generated a more anteriorly-distributed P3 than all of the other groups. In addition, young subjects generated a less anteriorly-distributed P3 than either y-old subjects (F(6,162) = 7.89, p < 0.001) or middleaged subjects (F(6,180) = 3.91, p < 0.05), with no difference between the latter two groups. Over central-posterior (Cz-Oz) sites, there were no differences between o-old, middle-aged, or young subjects in the size of the P3 response.
3.3.1.b Target stimuli:
An ANOVA revealed an effect of age (F(3,68) = 4.04, p < 0.05) and an interaction between age and site (F(18,408) = 4.63, p < 0.0001). Y-old subjects generated a larger P3 response to target stimuli than the other age groups. There were no overall differences in the size of the target P3 among o-old, middle-aged, and young subjects. The interaction between age and site was due to o-old and y-old subjects having a more anteriorlydistributed target P3 than either middle-aged or young subjects. There were no differences in the scalp distribution of the target P3 between o-old and y-old subjects, or between middleaged and young subjects.
3.3.1.c P3a and P3b:
To address age-related changes of P3a and P3b, the P3 response to novel stimuli at Fz served as an index of P3a and the P3 response to target stimuli at Pz served as an index of P3b (see Introduction). For the P3a response to novel stimuli, there was an effect of age (F(3,68) = 9.82, p < 0.0001). Y-old subjects generated a larger P3a than all the other groups (all p s < 0.01). The young subjects generated a smaller P3a than the other age groups (vs. yold and o-old, p's < 0.01; vs. middle-aged, p < 0.05). Middle-aged and o-old subjects did not differ in the size of their P3a response to novel stimuli. The P3b response to target stimuli yielded a marginal effect of age (F(3,68) = 1.99, p = 0.1). Y-old subjects generated a larger P3b than o-old (p < 0.05) and a marginally larger P3b than middle-aged (p < 0.09).
P1, N1, P2
, N2 components-To address whether age-related differences observed for the P3 were specific to this ERP component, the amplitudes of the P1, N1, P2, and N2 components were examined. Supplemental Figure S3 includes the O1, O2, PO7, and PO8 electrode sites, where the P1 and N1 components were measured.
There were no age-related changes in P1 amplitude to standard and novel stimuli. For targets, there was an age effect (F(3,68) = 3.62, p < 0.05), which was present because middle-aged subjects generated a smaller P1 than y-old (p < 0.01) and o-old subjects (p < 0.01), especially at the O1/2 sites (group × site interaction, F(3,68) = 2.82, p < 0.05). The pattern of age-related differences in N1 amplitude was the same for all 3 stimulus types, although the effects were only marginal in response to standards and novels. The N1 to standard stimuli yielded a marginal effect of age (F(3,68) = 2.28, p < 0.09) due to o-old subjects generating a smaller N1 than middle-aged (p < 0.05) and young (p = 0.1) subjects. In response to target hits, there was an effect of age (F(3,68) = 3.53, p < 0.05), due to o-old subjects generating a smaller N1 than middle-aged (p < 0.01) and young subjects (p < 0.05). In response to novel stimuli, there was a marginal effect of age (F(3,68) = 2.10, p = 0.1) due to o-old subjects generating a smaller N1 than middle-aged (p < 0.05) and young subjects (p < 0.05). The N1 to all stimulus types did not differ between y-old, middle-aged, and young subjects.
The amplitude of P2 response to standard stimuli did not differ across age groups. An interaction between age and site (F(18,408) = 3.95, p < 0.01) was present because young and middle-aged subjects generated a less anteriorly distributed P2 to standards than the other two age groups. There was an effect of age for the P2 amplitude in response to target hits (F(3,68) = 2.80, p < 0.05), which was due to middle-aged subjects having a smaller P2 than y-old or oold subjects. The groups did not differ in the scalp distribution of the P2 to target hits. There was a strong effect of age for the P2 amplitude in response to novel stimuli (F(3,68) = 7.10, p < 0.001), with the y-old and o-old subjects generating a larger response than the middle-aged and young subjects. There were no differences in the P2 amplitude between y-old and o-old subjects, or between middle-aged and young subjects. Groups did not differ in the scalp distribution of the P2 to novel stimuli.
The size of the N2 to standard stimuli did not differ across age groups. An interaction between age and site (F(18,408) = 2.88, p < 0.01) was due to young subjects generating a less anteriorlydistributed N2 to standards than y-old and o-old groups. The N2 to target hits did not differ in terms of amplitude or scalp distribution across age groups. There was an effect of age for the amplitude of the N2 to novel stimuli (F(3,68) = 6.22, p < 0.001). This was present because young and middle-aged adults generated a larger N2 to novels than did y-old and o-old adults. There were no differences in the N2 to novel stimuli between young and middle-aged subjects, or between y-old and o-old subjects. The interaction between age and site (F(18,408) = 2.58, p < 0.05) reflected the fact that both young and middle-aged subjects had a much more anteriorly-distributed N2 to novels than o-old subjects, and young subjects had a more anteriorly-distributed N2 than y-old subjects.
Dividing the o-old into very old and the oldest old
3.4.1 Demographics and Behavior-To better appreciate the age range in which salient declines in the resources appropriated to novel and target stimuli occur, the o-old subjects were divided into two subgroups: an 80-86 year old group (n = 17, mean age (±SD): 82.1 (±1.6) years old), and an 87 and older group (n = 10, 91.2 (±3.7) years old). Demographic and behavioral variables were compared for the 87+ year old, 80-86 year old, and 65-79 year old (y-old), groups. These groups did not differ in terms of years of education or estimated IQ based on AMNART. The 87+ group had lower mean MMSE scores than the other two groups (87+ group: 27.5; 80-86 group: 29.1; y-old group: 29.1, effect of group, F(2,37) = 11.40, p < 0.001). The y-old group had lower mean Ravens Estimated IQ scores than the other two groups (y-old: 118; 80-86 group: 128; 87+ group: 124, effect of group (F (2,35) = 3.92, p < 0.05). A smaller proportion of y-old subjects had 1 or more cerebrovascular risk factors than did the 80-86 group or the 87+ group, with no difference between the latter two groups (y-old group: 5/13; 80-86 group: 13/17; 87+: 10/10, p < 0.01, Kruskal-Wallis Test). A similar pattern was observed for 2+ risk factors (y-old group: 2/13; 80-86 group: 10/17; 87+ group: 8/10, p < 0.01, Kruskal-Wallis Test).
All three of the older age groups viewed novel stimuli longer than standard stimuli (effect of stimulus type, F(1,37) = 12.47, p < 0.01). However, the magnitude of the difference in viewing duration between stimulus types tended to be larger for y-old subjects than either the 80-86 or 87+ year old subjects (age × stimulus type interaction, F(2,37) = 2.80, p = 0.06). Target accuracy did not differ across the three older subject groups. However, 65-79 year olds exhibited faster reaction times than either the 80-86 or the 87+ year olds (effect of group, F (2,36) = 5.37, p < 0.01), with no difference between the latter two groups.
P3 Response to Novel Stimuli and Target Hits-
The grand average ERPs in response to novel and target stimuli for the 87+, 80-86, and y-old groups are compared in Fig.  2. Fig. 3 illustrates the novelty P3 surface potential maps (local positive peak around 450 ms) for each of the 5 age groups. An age (87+, 80-86, y-old, middle-age, young) by site (7 midline sites) ANOVA examining P3 to novel stimuli revealed an effect of age (F(4,67) = 8.27, p < 0.0001) and an interaction between age and site (F(24,402) = 4.23, p < 0.0001). The 87+ group generated a smaller novelty P3 than the 80-86 year old group (p < 0.01), who, in turn generated a smaller novelty P3 than the 65-79 group, although the latter was at the p = 0.05 level. The novelty P3 of the 80-86 year old group was larger than that of the young subject group (p < 0.01) but did not differ from that of the middle-age group. The novelty P3 amplitude of the 87 + group did not differ from either the middle-aged or young adult subject groups. The interaction between age and site was present because the 87+ group had a more anteriorlydistributed novelty P3 than all of the other groups. The scalp distribution of the novelty P3 did not differ for 80-86, y-old, and middle-aged subjects. Young subjects had a more posteriorlydistributed novelty P3 than all other groups.
An ANOVA examining the P3 to target hits revealed an effect of age (F(4,67) = 4.48, p < 0.001) and an interaction between age and site (F(24,402) = 4.01, p < 0.0001). The 87+ group generated a smaller target P3 amplitude than the 80-86 year old and y-old groups across all sites; the 87+ group generated a smaller amplitude than middle-aged and young subjects across all sites except FPz. Y-old subjects exhibited a numerically larger target P3 than 80-86 year olds, but this effect was not reliable (p < 0.15). The interaction between age and site was due to the 87+ group having a more anteriorly-distributed P3 than the other groups. There was no difference in target P3 scalp distribution between y-old and 80-86 year old subjects, or between middle-aged and young subjects. Y-old and 80-86 year old subjects generated a more anteriorly-distributed target P3 than either young or middle-aged subjects.
In looking at the P3a alone (P3 to novel stimuli at Fz), there was an effect of age (p < 0.0001). The 87+ group had a smaller P3a than the 80-86 year old group (p <0.05), who in turn had a smaller P3a than the y-old group (p < 0.0001). The 80-86 year old group generated a larger P3a than the young adult group (p < 0.0001). There was no difference in the size of the P3a between the 87+ group and either the middle-aged or young adult groups. Considering the P3b alone (P3 to target hits at Pz), there was an effect of age (F(4,67) = 2.58, p < 0.05). The 87+ group generated a smaller P3b than the 80-86 year old group (p < 0.05) and the y-old group (p < 0.01). The P3b in the latter two groups did not differ. The 87+ group generated a smaller P3b than the young adult group (p < 0.05). There were no differences in the size of the P3 between the 80-86, middle-aged, and young adult groups.
P1, N1, P2, N2
Components across the older subject groups-The size of the P1 and N1 response to standard, target hits, or novel stimuli did not differ across the y-old, 80-86, or 87+ groups. Similarly, these groups did not differ in the size or scalp distribution of the P2 or N2 response to standard, target hits, or novel stimuli.
Statistical Models, Correlations, and Covariance
Examination of Fig. 3 suggested that resources appropriated to novelty processing, as indexed by P3 amplitude, increased between middle-age and y-old age (when it peaked) and then decreased between y-old and o-old age. This pattern of an inverted u-shaped curve was confirmed by a robust non-linear model of the age (45-96) vs. P3 amplitude data using a quadratic function (R = 0.45, R 2 = 0.20, p < 0.01) (see Fig. 4 ). 3 Similarly, a quadratic curve could be fitted to the age vs. target P3 amplitude data (R = 0.37, R 2 = 0.14, p < 0.05).
We also examined the pattern of age-related changes in P3 amplitude among cognitively high performers, restricted to older individuals only, ages 65-96, whose data reflected a linear relationship. Age was inversely correlated with mean midline P3 amplitude to novel stimuli (R = −0.55, p < 0.0001). Thus, among subjects 65-96 years old, as individuals got older, P3 amplitude to novel stimuli decreased in size. Similarly, age was inversely correlated with mean midline P3 amplitude to target hits (R = −0.51, p < 0.01). A quadratic formula did not explain more of the variance (R 2 ) than the linear equation, which suggests that among older cognitively high performing subjects, increasing age was associated with a steady rather than an accelerated rate of decline in P3 amplitude.
To help control for the potential impact of differences in task performance on the P3 amplitude in response to novel and target stimuli, several additional analyses were carried out. The correlation between age and P3 amplitude to novel stimuli remained strong after controlling for viewing duration of novel stimuli (R = −0.54, p < 0.0001), the ratio of viewing duration of novels/standards (R = −0.54, p < 0.0001), or MMSE scores (R = −0.43, p < 0.01). Similarly, the correlation between age and P3 amplitude to target hits remained highly significant after controlling for RT to targets (R = −0.49, p < 0.01), target hit rate (R = −0.50, p < 0.01) and MMSE scores (R = −0.41, p < 0.05). (Analogous results were found when employing multivariate regression techniques.) In addition, the ANOVAs used to examine P3 amplitude in response to novel stimuli and target stimuli were carried out again after controlling for the following variables: viewing duration of novel stimuli, the ratio of the viewing duration of novels/viewing duration of standards, RT to target hits, target hit rate, and MMSE score. The P3 results reported in earlier sections "survived" after accounting for these different variables and will not be reiterated here.
The impact of cerebrovascular risk factors
One of the striking differences in subject characteristics across groups was the age-related increase in the proportion of subjects who had underlying cerebrovascular risk factors. Thus, a potential contribution to the age-associated decline in P3 amplitude among o-old subjects may be cerebrovascular injury. To explore this possibility, the P3 responses to novel and target stimuli of subjects with 0-1 cerebrovascular risk factors were compared to subjects with 2 or more cerebrovascular risk factors among the entire group of o-old subjects (n = 27) and among the 80-86 year old subjects (n = 17). Subject numbers were too small to further divide the 87 + group. Across the entire o-old group, 9/27 subjects had 0-1 risk factors and 18/27 had 2 or more risk factors. Although the mean midline P3 amplitudes to novel and target stimuli were numerically larger for the 0-1 risk factor group than the 2+ risk factor group the effects were not significant (novels: p > 0.34; targets: p > 0.18). Across the 80-86 year old group, 7/17 had 0-1 risk factors and 10/17 had 2 or more risk factors. However, the groups did not differ in the size of midline P3 responses to novel (p > 0.49) and target stimuli (p > 0.85).
Discussion
The main purpose of this study was to investigate whether compensatory increases in neural activity observed in cognitively high performing y-old adults would continue into o-old age. The major findings of the study can be summarized as follows. Among cognitively high performers, the relationship between age and resource allocation, as measured by P3 amplitude, from midlife to very old age (45-96 years old) appears to follow an inverted u-shaped curve (quadratic function). It peaks between the late 60s and early 70s. Thereafter, there is an inverse relationship between age and resource appropriation to novel and target stimuli. This relationship remained significant after controlling for differences in task performance and MMSE. Examining the size of the P3 component across different age groups suggests that although cognitively high performing adults in their early 80s exhibit a reduction in P3 amplitude, they have a relatively well-preserved capacity to appropriate resources (i.e., mild changes relative to y-old adults). However, by the late 80s, there is a robust decline in the size of the P3 amplitude to novel and target events. Behaviorally, cognitively high functioning individuals continue to be attracted to novelty, a hallmark of healthy human behavior (Berlyne, 1960; Daffner et al., 2003) , at least through their early 90s. However, after age 80 there is an age-related reduction in the magnitude of the difference in viewing duration of novel relative to standard stimuli. Although o-old subjects generated a much smaller, more anteriorly distributed P3 than y-old subjects in response to novel and target stimuli, there were minimal differences between these two groups in ERP correlates of early perceptual encoding, salience detection, or preliminary mismatch/match processing, as indexed by the P1, N1, P2, or N2 components. Compared to young and middle-aged subjects, o-old subjects generated a smaller N1 to the visual stimuli, and both o-old and y-old subjects generated a much smaller anterior N2 to novel stimuli than their younger counterparts. Finally, although there were age-associated differences in the proportion of subjects with cerebrovascular risk factors, the size of the P3 component among old subjects did not appear to be significantly affected by this variable.
Age-associated capacity limits among cognitively high performing adults
We have argued that the increased allocation of resources among cognitively high performing y-old adults (relative to their younger counterparts) represents a compensatory neural mechanism to counter other age-related declines in neurophysiological function . We hypothesized that this mechanism would break down in o-old age because such individuals would reach the limits of their capacity, making them less able to recruit additional resources. In the current study, this would manifest as o-old subjects generating a smaller P3 amplitude than y-old subjects, which is what was found. 4 The most prominent age-related differences in ERPs among old individuals were observed for the P3 and not earlier components (see below), suggesting that this effect is specific and not attributable to general age-related brain changes, such as global atrophy. The P3 indexes controlled processing involved with directing attention to potentially important stimuli or updating internal models about changes in the environment. Based on the results of neuropsychological and experimental cognitive tests, there is a growing literature suggesting that o-old individuals have fewer controlled processing resources than y-old individuals (Lindenberger et al., 1997; Newson et al., 2003; Singer et al., 2003b; Kemps et al., 2006) . However, relatively few investigations have employed methods to more directly measure age-related changes in neural activity in o-old individuals.
Two very recent fMRI studies are pertinent to this issue and have yielded results consistent with our findings. Both investigations compared neural activity in y-old vs. o-old subjects during non-verbal/picture recognition memory tasks. In one study, Beeri and colleagues (2009) compared fMRI activation during picture recognition in y-old (mean age 75.3) vs. o-old (mean age 91.0) subjects. They found that o-old subjects generated less robust activation than y-old subjects, especially in the right hippocampus, parietal and temporal cortices, a finding that remained even after controlling for differences in MMSE, task performance, and degree of cerebral atrophy. In another study, Wang and colleagues (2009) used fMRI to compare the neural correlates of successful recognition memory of y-old (mean age 70.2) and o-old (mean age 87.4) subjects to determine whether the o-old subjects would continue to exhibit the agerelated pattern of recruiting larger, more widespread areas than their younger counterparts. Oold subjects performed worse on neuropsychological tests and in terms of overall accuracy and speed on the recognition memory paradigm. Recognition memory performance of the o-old subjects for items studied twice was equivalent to that of y-old subjects for items studied once. Even after matching for memory performance, there was no evidence of greater neural recruitment in the o-old group relative to the y-old group in any cortical area, and there was an age-associated decline in neural activity in the medial parietal cortex. The authors concluded that there may be a plateau in age-related increases in neural recruitment in advanced age. One interpretation offered was that a lack of additional available neural resources limited the capacity to compensate for a decline in cortical efficiency, an idea in keeping with our own formulation.
The neuropsychological and functional imaging studies cited above have not tended to differentiate between cognitively high and cognitively average performing adults. Taken as a whole, our research suggests that cognitively high performers may reach the limits of their capacity at a much older age than cognitively average performers. Review of Supplementary  Fig. S4 indicates that the lifespan course for resource appropriation in response to novelty for cognitively high performers is similar to that of cognitively average performers but is "shifted to the right" (i.e., changes occur later). It remains to be determined the extent to which this pattern will be observed for cognitive functions not involved in directing attention to novel stimuli.
Our results suggest that age-related differences in resource allocation, as measured by P3 amplitude, were more robust for the P3a to novel stimuli than for the P3b to target stimuli. This finding is consistent with other reports in the literature (e.g., Fjell and Walhov (2004) ). Such results may seem puzzling if one regards decisions about the visual exploration of novel stimuli as not being very demanding. However, the processing of deviant, ambiguous stimuli with no clear predetermined response appears to be particularly dependent on frontal systems (Mesulam, 1986; Goldberg et al., 1994) , and may be more demanding than keeping a single target stimulus type in mind and responding whenever it appears. Consistent with this hypothesis, focal damage to the prefrontal cortex results in profound disruption of P3 and behavioral responses to novel stimuli, but largely preserved P3 and behavioral responses to target events (Knight, 1984; Daffner et al., 2003) . Given the central role that changes in frontal systems play in many theories of cognitive aging (Raz et al., 1997; West & Schwarb, 2006) , it is not surprising that the P3a to novel stimuli may be a particularly sensitive marker.
Alternative Formulations and Hypotheses
One concern about our formulation is that the differences in P3 amplitude to novel and target stimuli observed between cognitively high performing o-old and y-old subjects may be due to differences in task performance (i.e., viewing duration, target RT) rather than differences in age. Confounding age and performance may be particularly problematic when trying to assess between-group differences in neural activity (Rugg & Morcom, 2005) . Our study addressed this issue in several ways. First, we tried to match subject groups in terms of overall neuropsychological functioning by only including cognitively high performers (top third relative to age matched peers). Such a strategy allows the matching of performance across groups to be more generalizable, and not limited to specific experimental conditions (Daselaar & Cabeza, 2005) . In addition, we repeated the ANOVAs and correlation analyses after controlling for performance on the experimental task. Such analyses did not alter the findings of our study. Thus, it seems unlikely that the difference in electrophysiological activity across age groups was simply a reflection of differences in performance.
It is important to point out that compared to age-related differences in P3 amplitude, the magnitude of changes in behavioral measures (viewing duration and reaction time) was much smaller. Thus, an alternative explanation for the diminished P3 amplitude observed in o-old subjects is that it is a consequence of very successful cognitive aging that permits these individuals to carry out the task by utilizing fewer resources than y-old subjects. Beeri and colleagues (2009) speculated that lower neural activation of o-old relative to y-old subjects in their fMRI study of recognition memory may be a reflection of their extremely high neural reserve which allowed spared networks to perform more efficiently or be less susceptible to age-related disruption. These researchers point out that the oldest of the old may represent a genetically and pathophysiologically distinct group (Rebeck et al., 1994; Silverman et al., 2008) which sets them apart from their younger counterparts.
Although this is an intriguing hypothesis, there are several reasons why we do not currently favor it. First, our finding of an age-related reduction in P3 amplitude among o-old subjects was not limited to an extraordinary group of individuals who survived into their late 80s and beyond. Rather, we observed a linear decline in the P3 amplitude with increasing age between the late 60s and the mid 90s. It seems unlikely that with each advancing year, those individuals who survive exhibit increasingly more efficient or resilient neural networks. Second, as noted earlier, we have observed an analogous time course of resource allocation in response to novel stimuli among cognitively average performers, but with major shifts occurring earlier in the lifespan, such that the P3 amplitude in response to novelty peaked in middle age and declined in y-old age. It seems improbable that the age-associated decrease in P3 amplitude among cognitively average performers is due to y-old subjects having more efficient or hardy neural networks than their middle-aged counterparts. A more plausible unifying hypothesis about agerelated changes in compensatory activity, applicable to both cognitively high and average performing adults, is that the compensatory mechanism of allocating increasing neural resources persists until capacity limits are exceeded (Schneider-Garces et al., 2009 ).
Our research design constrains the extent to which we can test competing hypotheses about reduced capacity vs. greater efficiency. Future studies using more challenging, parametrically designed tasks with conditions that vary degree of difficulty may be particularly informative. It would allow for a fuller account of age and performance-related differences that manifest at different levels of task demand (Schneider-Garces et al., 2009) ; (Daffner et al., 2010) . The cross-sectional research design used in the current study also limits the inferences that can be made. Although logistically much less feasible, a longitudinal design would permit the measurement of within-subject changes in resource allocation over time. If our hypothesis is correct, we would predict within-subject declines in P3 amplitude among cognitively high performers between their late 60s and early 80s. The alternative hypothesis might lead to the prediction that when tested in their late 60s, cognitively high performing individuals who subsequently survive into their 80s would have generated a smaller P3 amplitude than their cognitively high performing peers who did not survive. Of note, a very implausible explanation would be that within-subject declines in P3 amplitude over the later years of life are the result of age-associated increases in neural efficiency.
Relationship between age-associated changes in late vs. early information processing stages
Our hypothesis that the most salient age-related differences between cognitively high performing y-old and o-old would be observed for P3 component and not earlier ERPs was confirmed. Although there was a robust difference between y-old and o-old subjects in the amplitude of P3 to novel and target events, a concomitant reduction in P1, N1, P2, and N2 components was not found. These results do not support the notion of relatively uniform ageassociated decline across all levels of neurophysiological functioning (Lindenberger et al., 1994; Lindenberger et al., 1997) . Rather, they favor a view postulating that with advanced aging, cognitive operations are disproportionately affected (e.g., controlled processing), presumably reflecting the relatively selective disruption of components of the nervous system subserving them. Our findings of the relatively preserved amplitude of ERP components earlier than the P3 also argue against the likelihood that the reduction in P3 amplitude observed in oold subjects was due to alterations in cerebral structure (e.g., atrophy) that cause a markedly reduced ability to measure brain signal that actually is present.
Although in terms of the size and scalp distribution of ERP components earlier than the P3, yold and o-old exhibited a similar pattern, both groups generated responses that differed from middle-aged and young subjects. Most pertinent to the current study, compared to their younger counterparts, both y-old and o-old subjects generated a very attenuated anterior N2 response to novel stimuli. We have found a similar pattern of age-related changes in N2 (reduction) and P3 (augmentation) in high performing y-old subjects carrying out n-back working memory tasks (Daffner et al., 2010) . Impairment of this preliminary mismatch/match process (Folstein et al., 2008) may undermine the quality of information available for later cognitive operations and thus place a greater burden on the subsequent, controlled decision-making process (indexed by the P3). The idea that higher (controlled processing systems) can be recruited to compensate for the inefficiencies of lower systems is well-established (e.g., Broadbent (1984) ) and recently has been emphasized in the cognitive aging literature (e.g., see Reuter-Lorenz and colleagues (2008) ). Consistent with this formulation, y-old subjects may compensate for age-related impairments in earlier visual processing, which is manifested as an increase in P3 activity, especially anteriorly. O-old subjects have to contend with at least the same degree of ageassociated decline in the preliminary mismatch/match process (indexed by the reduced anterior N2) as y-old subjects. In addition, o-old subjects exhibit a reduction in the size of the N1 to novel stimuli, which may reflect a deterioration of early sensory-perceptual encoding. Our data suggest that in contrast to y-old subjects, o-old subjects may no longer have the capacity to compensate for such decline by allocating additional resources at a later stage in the processing stream.
Future directions
Our data do not allow us to determine the pathophysiologic changes that underlie age-related differences in the P3 component. We were struck by the increase in cerebrovascular risk factors in the o-old subjects. However, we could not demonstrate a difference in P3 amplitude among our older subjects who had differing numbers of risk factors. Of course, this is a very crude index of actual cerebrovascular disease, as is the absence of a history of clinical strokes or focal abnormalities on neurological examination. The extent to which age-associated electrophysiological changes are due to small vessel ischemia and white matter disease remains to be determined by careful neuroimaging studies done in conjunction with ERPs.
None of our subjects met criteria for dementia or mild cognitive impairment, and all were functioning extremely well compared to age-matched peers. However, high functional status does not rule out the possibility of an underlying neurodegenerative process like AD, which can have a very long pre-clinical phase, and which is increasingly prevalent as individuals get older (Daffner & Scinto, 2000; Nelson et al., 2009; Stern, 2009) . Such a process is very likely to reduce information processing capacity and compensatory activity, even in very high performing older adults. Future studies of such individuals that combine ERP measures with imaging or other biomarkers of AD (de Leon et al., 2007; Vemuri et al., 2009 ) would be particularly informative.
In summary, our results indicate that when carrying out controlled processing linked to directing attention to salient events, cognitively high performers reach the boundary of their capacity relatively late in life. This limits their ability to appropriate additional controlled processing resources as compensatory activity, and suggests that such a mechanism does not tend to "survive" into o-old age. Future studies are needed to confirm whether cognitively average performers follow an analogous time course, but with major milestones occurring much earlier in the lifespan. Additional research also is necessary to determine the extent to which similar patterns will be observed in longitudinal aging studies and for other cognitive operations, and to investigate the pathophysiological mechanisms that contribute to the observed age-associated changes in neurocognitive functioning.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Grand average ERP plots in response to novel, target, and standard stimuli at selected midline sites for young, middle-aged, y-old, and o-old age groups. Grand average ERP plots in response to novel and target stimuli at selected midline sites comparing the 87+, 80-86, and y-old age groups. Novelty P3 surface potential maps (local peak ~450 ms) for young, middle-aged, y-old, 80-86, and 87+ age groups (y.o. = year old). Age (45-96) vs. mean midline novelty P3 amplitude (data fit a quadratic curve, R = 0.45, R 2 = 0.2, p < 0.01). Mid-age > Old-Old; Mid-age > Young.
2 Mid-age > Young; Mid-age > Old-Old; Old-Old > Young.
3
Old-Old > Young-Old; Old-Old > Young; Mid-age > Young; Mid-age > Young-Old.
4
Mid-age > Old-Old.
5
Old-Old > Young-Old ≈ Mid-age ≈ Young.
* Proportion of subjects with ≥1 cerebrovascular disease risk factor.
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